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The flow of water inside them is almost frictionless, 8 and they can be small enough to give a high degree of molecular selectivity, based on size exclusion. 1, 5 A small amount of charge in the vicinity of the nanotube wall results in a large electroosmotic flux of electrolyte because of the small friction. This large flux can give rise to very large ionic currents if there is any imbalance between the concentration of anions and cations in the tube. 8 Such an imbalance may be caused by charged groups at the entrance to the tube. For example, carboxylate residues are negatively charged at neutral pH, so favor entry of cations over anions. 8 One unexpected consequence of this effect is that the translocation of molecules through the tube can be marked by large increases in ion current through it. 6, 7 In contrast, in larger channels, where electrophoresis dominates ion current, the translocation of a molecule is signaled by a decrease in current because the molecule blockades ion flow. 15 A simulation of DNA translocation through a carbon nanotube shows that the increase in ion current is a consequence of an additional, even larger charge imbalance inside the nanotube caused by repulsion of anions by the intrinsic charge on the DNA. 16 Our interest in DNA translocation was motivated by the possibility of nanopore sequencing, 17 using the CNT both as an electrically conducting nanopore and as a device that might enable control of translocation speed. We were able to use the quantitative polymerase chain reaction 7 (qPCR) to establish a correlation between the number of ion current peaks and the amount of DNA translocated, but the errors in qPCR data can be quite large. Thus we have sought a better method of correlating molecular translocations with features in the ion current signal. To this end, we have built single nanofluidic channels with single-walled carbon nanotubes (SWCNT) using an optical microscope cover glass as the base for the device, as illustrated in Figure 1A . To build the nanofluidic channel, we transfer SWCNTs from a conventional silicon wafer onto a microscope cover glass patterned with index markers ( Figure S1 ). An SEM image locates the SWCNTs relative to these markers ( Figure 1B ) for subsequent lithographic formation of a barrier separating two fluidic channels that contact the ends of the SWCNT. The SWCNTs are opened in the reservoirs by exposure to an oxygen plasma, leaving the SWCNT under the barrier intact. The device is operated under laser illumination with fluorescence signals collected by a high numerical aperture objective lens, similar to a recent study of diffusion in mesoporous silica. 18 This instrument is capable of detecting single dye molecules by means of the fluorescence they emit as they pass through the laser beam. Dye molecules are placed into an input chamber on one side of the SWCNT channel, and the laser is focused into a chamber on the other side of the SWCNT nanochannel. If no current flows through the junction, no fluorescence is observed on the output side. However, if a current flows (with dye molecules in the input chamber), then bursts of fluorescence are observed in the output chamber. These bursts follow the ion current pulses with a short delay consistent with the time taken to diffuse from the end of the SWCNT to the laser illumination point. Thus this result shows that each peak in the ion current marks the passage of one dye molecule, both for positively (Rhodamine 6G, R6G) and negatively (Alexa 546) charged molecules.
RESULTS AND DISCUSSION
We first verified that ionic current flow through the devices was through the SWCNTs and not by means of a leakage path. We did this with control devices lacking SWCNTs under the barrier, or with SWCNTs but unopened by an oxygen plasma. None of these control devices showed any measurable conductance. The strongest evidence for conductance via electroosmotic flow in a SWCNT comes from the unusual dependence of conductance on salt concentration observed in SWCNT devices. 7, 8 We have consistently observed this form of power law for ion transport through smalldiameter SWCNTs. As we have explained in previous reports, 7, 8 it is likely a consequence of significant electroosmotic flow in a very small frictionless channel and can be explained in terms of the dependence of the net excess charge in the tube on the bulk salt concentration. In contrast to conventional nanopores, which show little concentration dependence at low salt, owing to fixed surface charge, 19 the conductance of SWCNTs changes most rapidly at low salt concentration, as illustrated by data ( Figure 2 ) taken with one of the cover-glass devices used for dye translocation.
As was the case for DNA, 7 only a minority (∼10%) of the devices gave signal spikes after dye was added to the input reservoir. This variability probably reflects variations in SWCNT chirality as well as device-todevice variation in surface charge near the tube openings. However, in devices that did generate signals after dye addition, almost all of the spikes (>90%) 
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corresponded to an increase in ion current passing through the tube ( Figure 3A , Alexa 546, Figure 4A , Rhodamine 6G; note negative current increases downward). The spike amplitudes and widths depended upon the particular tube being used, but it was typically a few tens of pA with a width > 0.1 s (Table 1 and Figures S2, 3) . No fluorescence signals were seen in devices lacking dyes or without the driving bias (0.4 to 0.5 V) applied. The appearance of ion current spikes was accompanied by distinct bursts of fluorescence ( Figures 3B and 4B ). Note that the noise background in the case of Alexa 546 fluorescence measurements was a little larger because we used a larger pinhole (150 μm) than that used in the later R6G measurement (50 μm). The stochastic distribution of fluorescence signals introduces an element of guesswork into The slight asymmetry at the highest salt concentration is probably a consequence of the larger surface charge density in these devices compared to devices made with PMMA barriers. Plotted vs concentration (B), the conductance changes according to G ∼ C m where m ≈ 0.3. This is a concentration dependence only observed in ion transport through small-diameter SWCNTs. As we have explained in previous reports, 8À10 it is a consequence of significant electroosmotic flow in a very small frictionless channel. ARTICLE associating a particular ion current spike with a fluorescence burst (red arrows), but the fluorescence appears to follow the ion current spike with a delay of a fraction of a second ( Figures 3C, 4C) . Measured distributions of these delay times for two experiments are shown in Figures 3D and 4D . The electric field outside of the carbon nanotubes is essentially negligible, and molecular motion is therefore dominated by diffusion. Thus this delay between ion current signal and fluorescence signal reflects the time taken for the dye to diffuse from the end of the SWCNT to the focal point of the microscope (distance x, Figure S4 ). To see why the field is negligible, consider the ratio of the voltage drop across the reservoir to that across the CNT, which is (l R A C )/(l C A R ) where l R and l C are the lengths and A R and A C the cross-sectional areas of the reservoir and CNT, respectively (for a more detailed calculation that takes account of electroosmosis see the SI of Pang et al.:
8 electroosmotic flow reduces the estimated field in the reservoir still further). Referring to Figure S4 , this ratio is ∼10 À8 , so the field in the reservoir is ∼mV/m and the corresponding drift velocity tens of pm/s (we used a diffusion constant of 4 Â 10 À10 m 2 /s to calculate mobility). This same value of diffusion constant predicts a delay time of ∼0.25 s for the data in Figure 3D (x = 10 μm) and 0.1 s for the data in Figure 4D (x = 6 μm), values that are consistent with the peak in the measured distributions of delay times. Do these fluorescence bursts correspond to singlemolecule signals? This question is best answered with fluorescence correlation spectroscopy measurements of the molecular diffusion constants, but it is impossible to gather enough data from the SWCNT devices to do this. Instead, we measured the fluorescence signals from 40 μL drops of dye solutions on the same coverslips used to make the devices. Single-exponential decay was observed ( Figure 5C 
Interestingly, both signs of charge on the dye (R6G, þ; Alexa 546, À) produce increases in ion current on translocation. Modeling of DNA translocation in a SWCNT showed that selective ion filtering by the DNA molecule in the SWCNT causes the charge imbalance that increases electroosmotic ion current. 16 Specifically, the negative charge on DNA repels anions, increasing the excess positive charge in the tube. Similarly a positive ion in the tube would increase the excess of anions, thus increasing the negative current. Thus, if the charged molecule dominates the process of charge selection in the tube, both positive and negative molecules will result in a current increase. Specifically, the positively charged R6G will block cations, increasing the negative current, while the negatively charged Alexa 546 will block anions, increasing the positive current. There is, however, an asymmetry between the two cases because the tubes appear to carry an intrinsic negative charge (likely owing to carboxylate residues). 8 For this reason, tubes containing electrolyte only behave like p-type FETs with a cation excess in the tube. 8 A positive molecule in the tube (R6G) must overcome this background charge, so one might expect the current pulses to be somewhat smaller in amplitude than is the case for a negative ion. There is some hint of this in the data (Table 1) , though tube-totube variations probably preclude a firm conclusion on this point.
CONCLUSION
Carbon nanotubes can be used to build devices that give large signals for the translocation of a single small charged molecule because of the amplification of the ion current signature produced by electroosmosis coupled to charge filtering by the molecule itself. The data presented here show that each current spike corresponds to the translocation of a single molecule. Furthermore, the fact that both positively and negatively charged molecules lead to increases of current (as opposed to current blockades) implies that the molecule itself is acting as the "charge filter" that generates the spike as the result of an unbalanced electroosmotic flow. We have built gated devices, 8 and these might be used to control molecular flow, but cover glasses are not a robust enough platform for these more complex devices.
METHODS
Detection of single-molecule fluorescence requires the use of a high numerical aperture objective, and these objectives are typically matched to standard 0.16 mm thick cover glasses. Optical losses were too high to observe single-molecule fluorescence when we built devices on quartz substrates, 22 and the cover glasses are too fragile to serve as substrates for CVD growth of SWCNTs. To solve this problem, we grew carbon nanotubes on a silicon wafer and transferred them onto a standard 0.16 mm thick cover glass (VWR Inc.). 23 SWCNTs were grown by CVD with a ferritin-based iron nanoparticle as a catalyst as described elsewhere. 24 They were covered with an e-beam evaporated 20 nm thick SiO 2 layer and then spin-coated with 800 nm of poly(methyl methacrylate) (PMMA). After soft baking (170°C, 15 min) the PMMA (with the 20 nm SiO 2 layer and embedded SWCNTs) was peeled from the silicon substrate by soaking in 1 M KOH aqueous solution at 80°C and transferred onto the cover glass, where it was baked at 300°C in an argon ARTICLE flow for 45 min. 23 The PMMA layer was decomposed and removed so that the position of the SWCNTs could be recorded relative to alignment markers on the cover glass ( Figures 1B and S1 ). AFM and TEM images showed that the tubes were predominantly single walled with a diameter of 2 ( 0.8 nm. 7 The devices were then spin-coated again with 800 nm of PMMA, after which e-beam lithography was used to cut fluid reservoirs along the path of the nanotubes using the alignment markers and the previously recorded positions of the SWCNTs. 7 A buffered oxide etch was used to remove the 20 nm SiO 2 layer in the reservoirs, after which an oxygen plasma was used to open the exposed SWCNT. 7, 9 The overall layout of the device is shown in Figure 1A , with typical ion currentÀvoltage curves shown in Figure 2A . The barrier between reservoirs was 20À30 μm wide, big enough that plasma etching does not cause leakage. However, we checked for leakage through the barriers using control devices lacking a CNT connecting the reservoirs. Only reservoirs connected by a SWCNT showed ionic conductance. Furthermore, the dependence of conductance on salt concentration showed the unusual powerlaw dependence ( Figure 2B ) that is characteristic of electroosmotic flow through a SWCNT. 7, 9 Solutions (1 mM) of Rhodamine 6G (Aldrich) and Alexa 546 C 5 maleimide (Alexa 546, Invitrogen) were prepared with Nanopure water, subsequently diluted to ∼100 nM in 1 M KCl with 1 mM phosphate buffer (pH = 7), and passed through a 0.02 μm filter (Agilent Technologies Nylon Econofilter). The structure of these dyes is shown in Figure S5 , and salt dependence of their fluorescence is given in Figures S6 and 7 .
The device was mounted on the sample stage of a Nikon Eclipse TE2000-U inverted microscope with an oil-immersion lens (NA = 1.3, 100Â, WD = 0.17 mm) focused into the reservoir a few micrometers from the end of the SWCNT ( Figure S4 ). Samples were excited using 0.14 to 0.15 mW of the 514.5 nm line of an argon laser (Melles Griot 43 series). The distance from the end of the reservoir to the collection point varied between about 5 and 10 μm depending on the amount of stray fluorescence and scattering from the walls of the device and its PDMS cover. Sample fluorescence was collected by the same objective ( Figure 1A ) and passed through a 540À620 nm band-pass filter for detection by a photon counting module (EG&G Canada SPCM-AQR-14). Optical signals and current signals were acquired simultaneously via a Labview data acquisition system running custom software.
Ion current signals were acquired with an Axopatch 200B (Axon Instruments) interfaced to a Labview data acquisition card.
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